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Abstract 
An experimental and numerical study of tip leakage flow control in axial turbine was performed by means of 
unsteady periodic wakes of upstream blade row. The flow field was investigated respectively in linear turbine cascade 
and turbine rotor. Focus was placed on the analysis of unsteady interaction mechanism between upstream periodic 
wakes and tip leakage vortices. The influence of the upstream periodic wakes on turbine performance was also 
discussed. The results indicate that the upstream periodic wakes can effectively reduce the strength of the tip leakage 
vortices. The loss measurements and computations at the exit of the turbine blade showed a decrease in stagnation 
pressure loss or entropy rise and an increase in efficiency. It means the engine specific fuel consumption and the 
exhaust gas temperature margin can be improved as well as increased turbine total efficiency.  
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1. Introduction 
The efficiency of gas-turbine engines is an ever-present concern for both the designers and operators in 
aviation industry. The environmental impact of emissions and rising fuel costs which is important to 
airworthiness of civil aircraft engines has prompted a greater focus on reducing the aerodynamic 
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inefficiencies that are present within turbomachines. It is generally known that turbine is one of the most 
important components of aero-engine. The aerodynamic turbine tip leakage loss is the greatest single 
penalty source within the engine. Even a small reduction of the tip leakage flow penalty, particularly in 
the high-pressure turbine (HPT), can dramatically improve engine service life and cost savings. 
According to Wiseman and Guo [1], a reduction of the rotor tip clearance of about 0.25 mm would reduce 
the specific fuel consumption (SFC) by about 1%, and the exhaust gas temperature (EGT) would drop by 
about 10ć. However, the tip clearance gap is not the smaller the better, since the tip clearance between 
the rotor tips and the casing changes due to thermal and mechanical loads on the rotating and stationary 
structures during an operation cycle (see figure 1 [2]). Figure 1 shows a tip clearance change of up to 
0.762 mm (0.03 in). These clearance changes are even greater when flight-induced asymmetric loads are 
included. Therefore, the possible range of mechanical reduction of the tip clearance gap is limited, which 
calls for effective method to reduce the tip leakage loss without changing the geometry conditions of tip 
clearance.  
 
Fig. 1. Changes in HPT tip clearance during a given mission profile [2] 
Flow in turbine is inherently highly unsteady due to the relative motion between rotor and stator blade 
rows. The effect of rotor - stator interaction is too important to be neglected, such as the interaction 
between the secondary flow/tip clearance flow vortices and the periodic wakes or potential field from 
upstream and downstream blade rows. With a deeper understanding of the unsteady flow mechanisms in 
the turbine, people have realized that reasonable considering of these unsteady factors in design can help 
to improve the aerodynamic performance of the turbine.  
One of the representative cases is the application of the interaction between upstream bladerow wakes 
and suction surface boundary layer in high-lift low-pressure turbines. Using the unsteady effect (random 
and periodic disturbances) of the upstream wakes, it can control the loss generation of boundary layer 
flow separation. The physical mechanism of the wake-boundary layer interaction process is as follows: 
When the wake passes, the wake-induced calmed region which is unreceptive to disturbances forms 
within the boundary layer. The calmed region can make the boundary layer resist transition and 
separation. After the interaction of the wake, boundary layer separation occurs in the interval between 
adjacent two wakes. It can effectively inhibit the boundary layer separation with appropriate wake-
passing frequency, i.e., before the calmed region induced by the former wake disappears, the next wake 
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has arrived in the area to be separated. At present, many researchers have basically understood the 
application of this technology in turbine design [3,4]. 
So far, there are only a few published literatures about the unsteady interaction between tip leakage 
flow and adjacent blade rows in axial turbine. Behr et al. [5] indicated that the pressure field of the second 
stator has an influence on the development of the tip leakage vortex of the rotor. The vortex shows 
variation in size and relative position when it stretches around the stator leading edge. Harvey [6] 
concluded that no benefit can be gained out of the tip leakage flow once it has formed into a vortex. In 
order to limit the losses this vortex imposes on subsequent blade rows, the over tip leakage has to be 
reduced, and thus the strength of the vortex. 
In this paper, an experimental and numerical study of tip leakage flow control in axial turbine was 
performed by means of unsteady periodic wakes of upstream blade row. The flow field was investigated 
respectively in linear turbine cascade and turbine rotor. The study was focused on the mechanism analysis 
of unsteady interaction between upstream periodic wakes and tip leakage vortices. The influence of the 
upstream periodic wakes on turbine performance was also discussed. The results indicate that the 
upstream periodic wakes can effectively reduce the strength of the tip leakage vortices. The loss 
measurements and computations at the exit of the turbine blade showed a decrease in stagnation pressure 
loss or entropy rise and an increase in efficiency. It means the engine SFC and the EGT margin can be 
improved as well as increased turbine total efficiency. 
 
Nomenclature ǻS Entropy rise 
C chord Ȗ ratio of specific heats 
Cax axial chord ڦ isentropic efficiency 
Cp static pressure coefficient, specific heat capacity Ĳ one period time 
Cpt stagnation pressure loss coefficient ȦX axial vorticity 
H blade height   
h local blade height Subscripts  
P static pressure abs 
Pt stagnation pressure ax axial 
s second m main flow 
T static temperature, pitch max maximum value 
t pitchwise location, instantaneous time ref reference value 
X axial location   
 
2. Experimental and Numerical Approach 
2.1. Experimental Method 
The experiment of cascade has been carried out in a multi-functional linear turbine cascade wind 
tunnel at the School of Energy and Power Engineering of Beihang University. The wind tunnel consists of 
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five parts: centrifugal fan, divergent section, settling section, contraction section and test section, as 
shown in figure 2. 
  
Fig. 2. Schematic diagram and photo of multi-functional linear turbine cascade wind tunnel 
The cascade employed in experiment takes from the midspan section of a high loaded HPT rotor blade 
and it is amplified in a proportion. A tip clearance height of 0.5% span was used in the experiment. The 
whole test section is made up of seven blades and two plates which can meet the demand of measurement. 
Upstream wakes were simulated with a moving-bar wake generator. The diameter of the cylindrical bar 
was determined by the method of Schulte and Hodson [7]. Table 1 gives geometric and aerodynamic 
parameters of the cascade and bar. The flow field at the exit of the cascade has been measured both with 
and without moving bars upstream. The centrifugal fan was adjusted to make sure both cases have equal 
dynamic pressure at the cascade inlet. 
Table 1. Geometric and aerodynamic parameters of the cascade and bar 
 Cascade 
Number of Blades 7 
Blade Chord (mm) 112.9 
Blade Axial Chord (mm) 94.719 
Blade Height  (mm) 200 
Blade Pitch (mm) 84.5 
Inlet Angle (from axial) 50° 
Outlet Angle (from axial) -63.7° 
Tip Clearance (mm) 1 
Bar Diameter (mm) 2.9 
Bar Pitch (mm) 1.5T 
Bar-Cascade Axial Gap (mm) 0.7T 
Bar Frequency (Hz) 75 
Inlet Free-Stream Turbulence 1% 
Exit Reynolds Number (Axial Chord) 2×105 
 
206   Qi Lei and Zhou Yanpei /  Procedia Engineering  80 ( 2014 )  202 – 215 
Test system consists of hardware and software devices. The hardware devices include five-hole probe, 
traversing mechanism with control box, sensors, data acquisition card (PCI card) and computer. The 
software devices are LabVIEW data acquisition procedures. The five-hole probe is employed to measure 
the flow field at the exit of the cascade. The traversing mechanism adopted Zolix three-dimensional 
automatic traversing mechanism, which was performed over 1.4 cascade pitch from 1.25% to 98.75% of 
the blade span. The measurement grid consisted of 41 equispaced points in the pitchwise direction, 37 
points in the spanwise direction with refining near the endwalls. Static pressure on blade surface was 
measured by surface pressure holes with diameter of 0.3mm drilled perpendicular to the blade surface. 
2.2. Numerical Method 
The study subjects included a linear turbine cascade and a turbine rotor, both of which were also 
investigated by numerical method. The numerical simulations discussed in this paper were performed 
with the commercial software CFX to solve three-dimensional unsteady viscous Reynolds-averaged 
Navier-Stokes equations. The spatial discretization of the equations uses second order upwind scheme 
and the temporal discretization uses first order backward Euler scheme. A two-equation shear stress 
transport (SST) model is used for modeling the turbulence in the flow. A full multi-grid method is used to 
accelerate the convergence. 
2.2.1. Cascade Case.  In this case, the mesh consists of two computational domains. A grid of 105×65 
×229 points for the moving bar and 145×81×61 points for the stationary cascade has been employed in 
the unsteady numerical simulations in the streamwise, spanwise and pitchwise directions, respectively. 
The circumferentially uniform grid at the interface mitigates the numerical dissipation of the upstream 
wakes traveling through the interface. In the tip region, grid points are clustered near the tip and end wall, 
with 17 spanwise grid points in the gap. A near wall grid resolution of y+ < 2 is given to meet the 
requirement of the SST turbulence model. Figure 3 shows the unsteady computational mesh. Only 
cascade domain was simulated in steady calculation without upstream wakes. The steady computational 
mesh has the same mesh as that of the cascade domain in unsteady calculation. 
(a) (b) 
Fig. 3. Computational mesh in cascade case: (a) midspan; (b) tip region 
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2.2.2. Rotor Case.  Since there are some differences of the flow field between the linear turbine 
cascade and turbine rotor, in the second case the interaction of the tip leakage vortices of a HPT rotor 
with upstream stator wakes was investigated by numerical method. The approach taken was to model a 
turbine rotor row alone, and the stator wakes were simulated by a stationary duct with the stator exit flow 
field imposed as the inlet boundary condition. The tip clearance height of the rotor is 1.67% blade span. 
The aim of this study is to understand the physical mechanisms of upstream wake interaction and the 
count of the wake duct was set equal to the blade number of the rotor. Table 2 gives geometric and 
aerodynamic parameters of the rotor. 
Table 2. Geometric and aerodynamic parameters of the rotor 
 Rotor 
Blade Number 34 
Midspan Axial Chord (mm) 18.9 
Midspan Inlet Angle (from axial) 40.9° 
Midspan Exit Angle (from axial) -66.4° 
Aspect Ratio, H/Cax 1.27 
Midspan Pitch-Axial Chord Ratio, T/Cax 1.05 
Tip Clearance (mm) 0.4 
Rotational Speed (rpm) 20700 
Exit Reynolds Number (Axial Chord) 4.64×105
Inlet free-stream turbulence 5% 
 
       
Fig. 4. Computational mesh in rotor case                                       Fig. 5. Stator wake description of the inlet boundary 
The mesh in the rotor case also consists of two computational domains. The first domain is a stationary 
duct (57×65×93 points in the streamwise, spanwise and pitchwise directions, respectively) and a moving 
rotor domain follows it (169×65×93 points in the streamwise, spanwise and pitchwise directions, 
respectively). 21 spanwise grid points are applied in the tip gap, clustering near the tip and casing walls. 
Figure 4 displays the unsteady computational mesh. The purpose of the stationary duct is to release wakes 
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so as to simulate the effect of the upstream stator wakes. The wake is prescribed as a total pressure defect, 
which derived from the calculation result of the turbine stage. Since this research emphasizes on the 
physical mechanism, the radial variation of the wake and the circumferential nonuniformity of the free 
flow are ignored. Figure 5 displays the wake distribution of the inlet boundary in unsteady computation.  
An equivalent steady flow was designed for comparison with the unsteady results. Take the interface 
between the duct and rotor rows as the inlet boundary for steady calculation. The pitch-averaged absolute 
total pressure, total temperature and flow angle at the interface are extracted from the time-averaged flow 
field and taken as the inlet boundary condition for steady calculation. The exit pressure boundary 
condition is adjusted to match the rotor expansion ratio in both cases. 
3.  Results and Discussion of Cascade Case 
The static pressure coefficient (Cp) distributions at 50% of the blade span without upstream wakes are 
shown in figure 6. The static pressure coefficient is defined as 
t, ref
p
t, ref ref
P -P
C =
P -P
(1)
where Pt, ref, Tt, ref and Pref correspond to the total pressure, total temperature and static pressure at the inlet 
respectively. It can be seen that the blade is mid-loaded and the peak suction is at about 40% of axial 
chord. There is a good agreement between the computation and the experiment indicating that the blade 
loading levels were represented correctly in the calculations. 
 
Fig. 6. Midspan static pressure coefficient (Cp) distributions 
3.1. Comparison of Results with and without Wakes 
The flow field at the exit of the cascade is discussed with the help of measurements and CFD obtained 
at the plane (plane 1) located at a distance 27% of axial chord (Cax) downstream of the blade trailing edge. 
Figure 7 shows the contour plots of the stagnation pressure loss coefficient (Cpt) of experimental and 
numerical results. The stagnation pressure loss is non-dimensionalised with the dynamic pressure at the 
cascade inlet. It is defined as 
t, ref t
pt
t, ref ref
P -P
C =
P -P
(2) 
209 Qi Lei and Zhou Yanpei /  Procedia Engineering  80 ( 2014 )  202 – 215 
where Pt, ref, Tt, ref and Pref correspond to the total pressure, total temperature and static pressure at the inlet, 
respectively. 
3.1.1. No Wakes Results.  Figure 7(a) and 7(c) show the experimental and computational results 
without wakes upstream of the cascade. A comparison between the measured and computational results 
reveals a good qualitative agreement with the main features of the cascade flow. It shows that the flow 
field at the cascade exit is dominated by the tip leakage vortex and the passage vortex. However, there is 
some discrepancy in the location and peak magnitude of the loss in the center of the vortices. In the 
computational result, the loss core corresponding to the passage vortex can be observed at a location 
nearer to the midspan comparing with that in the experimental result. This is primarily due to the 
difference in the mixing rate in the vortex between computation and experiment, which comes from the 
mixing model. 
3.1.2. With Wakes Results.  Figure 7(b) and 7(d) show the experimental and computational results with 
wakes upstream of the cascade. Compared with the results without wakes, it can be observed that the tip 
leakage vortex and the passage vortex are both weakened due to the effect of upstream wakes. High loss 
regions (at about 95% span) due to the unsteady mixing of the upstream wakes can be seen between the 
tip leakage vortex and the passage vortex. The discrepancy between the experimental and calculated 
results with wakes was a little larger than that without wakes. Nevertheless the computational and the 
measured results have a similar variation trend in the vortice structure. 
(a)   (b)  
(c)   (d)  
Fig. 7. Comparison of stagnation pressure loss coefficient (Cpt) contours at cascade exit: (a) no wake, experiment; (b) with wake, 
experiment; (c) no wake, computation; (d) with wake, computation 
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The vortice structures near the endwall are described and interpreted using axial vorticity fields in 
figure 8. The advantage of using vorticity to characterize the flow field is that vorticity usually lies in a 
small number of concentrated regions of the vortices whose subsequent motion is more easily interpreted 
[8].  
Figure 8(a) and 8(c) show the axial vorticity contours at plane 1 without periodic wakes upstream of 
the cascade. The high-vorticity regions corresponding to the tip leakage vortex, passage vortex and wall 
vortex are visible. The concept of the wall vortex was put forward by Wang et al. [9] for the first time. 
This vortex originates near the two-leg (the pressure side leg and suction side leg of the horseshoe vortex) 
merging point. It is induced by the passage vortex and stays above it, counterrotating against the passage 
vortex. 
Figure 8(b) and 8(d) present the axial vorticity contours at plane 1 with periodic wakes upstream of the 
cascade. Compared with the results without wakes, it can be observed that the axial vorticity of the tip 
leakage vortex, passage vortex and wall vortex both decreases due to the effect of the upstream wakes. 
The axial vorticity distributions of computational results agree well with that of the experimental results 
as well. 
 
(a)   (b)  
 (c)   (d)  
Fig. 8. Comparison of axial vorticity (ȦX) contours at cascade exit: (a) no wake, experiment; (b) with wake, experiment; (c) no wake, 
computation; (d) with wake, computation 
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3.2. Wake – Tip Leakage Vortex Interaction Mechanism 
Before entering into the details of wake – tip leakage vortex interaction, a discussion of the wake 
transport mechanisms is appropriate. According to Casciaro et al. [10], the wake can be defined as any 
velocity deficit in the body-relative frame of reference occurring in a space much smaller than the one 
analyzed. If the instantaneous velocity field is decrease of the undisturbed value, a wake looks like a 
facing backward jet, which is the so-called “negative jet”. Many researchers have confirmed the negative 
jet theory in axial turbine as being the main unsteady transport mechanism. The wake segment is bowed, 
broadened, and sheared by the nonuniform pressure/velocity field as it convects through the blade passage. 
Figure 9 shows a measured turbulent kinetic energy and velocity perturbation vectors at an instantaneous 
time. It was observed that the velocity perturbation vectors in the wake’s center and lengthened tail 
impinge on the blade suction surface at point P and Q respectively, which could be explained through the 
negative jet theory [11].  
 
Fig. 9. Ensemble-averaged turbulent kinetic energy and velocity perturbation vectors in the blade passage of T106 [11] 
Figure 10 shows an instantaneous result of axial vorticity and perturbation velocity vector distributions 
in different two axial sections within the passage. The perturbation velocity vector is approximately 
defined as the difference between the instantaneous velocity vector and the time-averaged velocity vector. 
At this moment, the upstream wake moves into the passage and creates a disturbance to the flow field. 
The wake can be identified by a crossflow toward the blade suction surface. In the figure 10(a) and (b), 
the tip leakage vortex, passage vortex and wall vortex can be identified by the high axial vorticity regions 
near the suction surface corner of the cascade. As the upstream wake passes through the passage, the 
crossflow toward the suction surface appears due to the negative jet effect of the wake. This crossflow is 
in the opposite direction with the tip clearance jet flow which contributes the most to the tip leakge vortex. 
According to the formation mechanism of the tip leakage vortex, the mass flow of the jet flow out of the 
tip clearance is the key factor for the tip leakage loss. As the crossflow approaches the blade suction 
surface, it restrains the growth of the tip leakage vortex. The results indicated that the transport of the 
wakes inside the cascade passage has an important effect on the development of the tip leakage vortex. 
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This is the main reason for upstream periodic wakes of reducing the strength and loss of the tip leakage 
vortex.  
 
 (a)                (b)  
Fig. 10. Axial vorticity (ȦX) and perturbation velocity vector distributions at time t/Ĳ=1.0 (computation): (a) 50% axial chord plane; 
(b) 85% axial chord plane 
4. Results and Discussion of Rotor Case 
The flow field at the rotor exit is discussed to compare the results with and without upstream stator 
wakes respectively. The rotor exit flow field (plane 2) is located at a distance of 10% axial chord (Cax) 
away from the rotor midspan trailing edge. Figure 11 and 12 show the entropy rise (ǻS) and axial 
vorticity contour plots respectively in one rotor pitch and corresponding pitch-averaged value 
distributions. The entropy rise is defined as Pt, ref 
 1-Ȗ Ȗ
P
ref ref
C P TǻS= log
Ȗ P T
§ ·§ · § ·¨ ¸¨ ¸ ¨ ¸¨ ¸© ¹ © ¹© ¹
                                                                                                 (3) 
where Pref and Tref correspond to the total pressure and total temperature at the inlet respectively. 
The same as that in the linear cascade, the flow field at the rotor exit is dominated by the tip leakage 
vortex and the casing passage vortex. It should be noted that the passge vortex in the rotor case is nearer 
to the casing wall because of the centrifugal force from blade rotation. Figure 11 indicates that the 
interaction of the stator wake results in a significant change in the tip region vortice structure. In the result 
without stator wakes, the loss cores corresponding to the tip leakage vortex and the casing passage vortex 
are at about 71% and 93% blade span, respectively. Due to the effect of the stator wakes, the loss core 
corresponding to the casing passage vortex moves nearer to the casing wall, with the peak magnitude of 
the pitch-averaged ǻSmax decreasing (ǻSmax of about 38 J/kg.K at 71% blade span without wakes and 34 
J/kg.K at 74% blade span with wakes), as shown in figure 11(c). The location of the tip leakge vortex is 
not significantly changed, but the peak magnitude of the pitch-averaged ǻSmax decreases from 25 J/kg.K 
to 19 J/kg.K. It means the tip leakage loss decreases due to the unsteady effect of the periodic stator 
wakes. 
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Figure 12 presents the axial vorticity distributions at the rotor exit (plane 2). The same as that in the 
linear cascade, the high-vorticity regions corresponding to the tip leakage vortex, casing passage vortex 
and wall vortex are visible. Somewhat differently compared with that in the linear cascade, there is 
another high-negative vorticity region called “scraping vortex” located above the tip leakage vortex 
occupying large pitch area. The scraping vortex is induced by the strong shearing between the casing 
boundary layer and tip clearance jet flow due to the casing relative motion. This is one of the significant 
differences between the linear turbine cascade and turbine rotor. It can be found from the axial vorticity 
contours in figure 12 that the intensity of the tip leakage vortex and the scraping vortex both decrease due 
to the stator wake effect, with the vorticity cores moving toward the casing wall. In addition, in the result 
with wakes, the axial vorticity of the casing passage vortex and the wall vortex is slightly decreased too. 
However, the pitch-averaged distributions in figure 12(c) shows that compared with the result without 
wakes, the absolute value of the axial vorticity in the tip leakage vortex region is decreased. However, in 
the casing passage vortex, the absolute value of the axial vorticity with wakes is slightly increased 
compared with that without wakes because of the unsteady mixing of the wakes in the free flow. 

(a)                                                      (b)                                                         (c) 
Fig. 11. Comparison of entropy rise (ǻS) distributions at the rotor exit: (a) no wake; (b) with wake; (c) pitch-averaged results 

(a)                                                      (b)                                                         (c) 
Fig. 12. Comparison of axial vorticity (ȦX) distributions at the rotor exit: (a) no wake; (b) with wake; (c) pitch-averaged results 
Figure 13 presents the comparisons of pitchwise average of efficiency distributions in the spanwise 
direction of plane 2 for conditions both with and without stator wakes. The parameters are processed 
using mass-averaged method. It can be observed that there is a notable variation of efficiency from about 
80% span to the casing wall. With the unsteady effect of stator wakes, the tip leakage loss is distinctly 
decreased. For example, at the loss cores of the tip leakage vortex (at about 0.9 blade span), the value of 
the efficiency increases from about 0.81 to 0.89. The casing secondary flow loss is also reduced, although 
the benefit of the efficiency is not as much as that of the tip leakage flows. 
214   Qi Lei and Zhou Yanpei /  Procedia Engineering  80 ( 2014 )  202 – 215 


Fig. 13. Comparison of pitch-averaged efficiency distributions at the rotor exit 
5. Conclusions 
The tip leakage flow control in axial turbine by unsteady periodic wakes of upstream blade row was 
investigated with the method of experiment and numerical simulation. In the cascade case, a moving-bar 
wake was used to simulate the incoming upstream periodic wakes. In the rotor case, a stationary duct, 
with the stator exit wake distribution imposed as the inlet boundary condition, was applied to take into 
account the effect of stator wakes. The physical mechanisms of interaction between the upstream wakes 
and the tip leakage flow were discussed in detail. The impact of the upstream wakes on the performance 
of tip region in the cascade and rotor is evaluated. The results indicate that the upstream periodic wakes 
can effectively reduce the strength of the tip leakage vortices. The loss measurements and computations at 
the exit of the turbine blade showed a decrease in stagnation pressure loss or entropy rise and an increase 
in efficiency. It means the engine SFC and the EGT margin can be improved as well as increased turbine 
total efficiency. 
5.1. Cascade Case 
The flow field at the exit of the cascade showed a decrease both in tip leakage vortex and passage 
vortex strength and loss due to upstream periodic wakes transport. There is an important interaction 
mechanism that causes the decrease in tip leakage loss. As the wake passes through the cascade passage, a 
crossflow toward the blade suction surface arises due to the negative jet effect of the wake, which 
counteracts the growth of the tip leakage vortex and reduces its loss.  
5.2. Rotor Case 
The transport of upstream stator wakes in the rotor passage is like that in the cascade passage. Due to 
the effect of the stator wakes, the maximum loss value of the loss core corresponding to the tip leakage 
vortex and the casing passage vortex decrease, and the strength of the scraping vortex and the wall vortex 
which are induced by the tip leakage vortex and the casing passage vortex respectively is reduced. These 
weaken of the vortices improves the performance of turbine tip region. Finally, the turbine efficiency is 
increased significantly. 
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It is important to note that the preliminary physical mechanism of the wake – tip leakage flow 
interaction is focused on in this paper. No attempt of a final flow control model is intended. The unsteady 
flow in the tip region of axial turbine is very complex. There are many factors affect the tip leakage flow 
control effect by upstream periodic wakes, such as the upstream wake-passing frequency, wake strength, 
tip clearance height, blade load distribution, etc. It requires large numbers of further studies and tests to 
achieve the applications in practice. 
Acknowledgements 
We would like to thank the research team of Professor Zou Zhengping of School of Energy and Power 
Engineering in Beihang University, for their help in the experiments. We also would like to thank the 
reviewers for their constructive and insightful suggestions for further improving the quality of this paper. 
References 
                                                          
[1] Wiseman MW, Guo T. An investigation of life extending control techniques for gas turbine engines. Proceedings of the 
American Control Conference 2001; (5): 3706–3707.  
[2] Hailia E, Lenahan D, Thomas T. Energy efficient high pressure turbine test hardware detailed design report. NASA CR-
167955; 1982. 
[3] Haselbach F, Schiffer HP, Horsman M, Dressen S, Harvey N, Read S. The application of ultra high lift blading in the BR715 
LP Turbine, ASME J. Turbomach. 2002; 124: 45-51.  
[4] Ulizar I, González P. Aerodynamic design of a new five stage low pressure turbine for the Rolls Royce Trent 500 turbofan. 
ASME Paper 2001-GT-0440; 2001. 
[5] Behr T, Kalfas Al, Abhari RS. Unsteady flow physics and performance of a one-and-1/2-stage unshrouded high work turbine. 
ASME Paper GT2006-90959; 2006. 
[6] Harvey NW. Aerothermal implications of shroudless and shrouded blades. VKI Lectures Series 2004-02, Turbine Blade Tip 
Design and Tip Clearance Treatment; 2004. 
[7] Schulte V, Hodson HP. Unsteady wake-induced boundary layer transition in high lift LP turbines. ASME paper 96-GT-486; 
1996. 
[8] Miller RJ, Moss RW, Ainsworth RW, Harvey NW. The development of turbine exit flow in a swan-necked inter-stage 
diffuser. ASME paper 2003-GT-38174; 2003. 
[9] Wang HP, Olson SJ, Goldstein RJ, Eckert ERG. Flow visualization in a linear turbine cascade of high performance turbine 
blades, Journal of Turbomachinery, 1997, 119: 1-8. 
[10] Casciaro C, Treiber M, Sell M. Unsteady transport mechanisms in an axial turbine. ASME J. Turbomach. 2000; 122: 604-
612. 
[11] Stieger RD, Hodson HP. The unsteady development of a turbulent bar wake through a downstream low-pressure turbine 
cascade. ASME J. Turbomach. 2005; 127: 388–394. 
